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A Proposed Magnetically Enhanced Reactive Ion 
Etcher for ULSI 
Haruhiro H. Goto, Tadahiro Ohmi, Member, IEEE, Hans-Dirk Lowe, Kai-Ye Fung, and Stephen G .  Newberry 
Absfmcf-A new ultraclean (UC) Magnetically Enhanced Re- 
active Ion Etcher (MERIE) is proposed to overcome the limi- 
tations of the present-state MERfE available commercially. The 
sensitivity of gas compositions, pumping speed, substrate tem- 
perature and magnetic field intensity are discussed as the ex- 
amples of hardware relating process limitations. Five major 
configuration changes are proposed in the system: 1) improved 
effective pumping speed; 2) supplementary magnets for uni- 
form and stable plasma distrihtion; 3) dual RF excitation for 
independent control of ion energy and flux; 4) de-biased shield 
electrode for minimum chamber material contamination; 5)  dc- 
biased substrate. In dual excitation magnetically enhanced 
plasma equipment, the cathode self-bias becomes a logarithmic 
function of the excitation frequency. A logarithmic relationship 
is derived assuming a Maxwell-Boltzmann distribution. Also, 
the study with a dual RF excitation system found that dc-bias- 
ing the Si substrate in low energy SiO, etching process can sig- 
nificantly reduce Si etching rate by impeding positive ions from 
reaching the substrate. Of significance is that SiO, to Si etching 
rate selectivity can be significantly improved during the over- 
etch step in SiOl etching of high aspect ratio contact holes. This 
is favorable in manufacturing of future ULSI devices because 
we no longer have to rely exclusively on the protective polymer 
formation. 
I .  INTRODUCTION 
LASMA ETCHING, the reactive ion etching in par- P ticular, plays an important role in the fabrication of 
ULSI semiconductor devices. The rapid increase in de- 
vice integration not only reduces the chip dimensions but 
also increases the number of process steps, requiring each 
process to be a high throughput process. The high rate and 
continuous enlargement of wafer diameter have driven 
equipment manufacturers in the semiconductor industry 
to focus their efforts on the single wafer architecture over 
batch systems in the late 1980s. More recent efforts focus 
on the implementation of “closed architecture” concept, 
which utilizes the multi-chamber configuration to achieve 
integrated processing required for advanced device man- 
ufacturing [I ] ,  [2]. Hence, the parallel development in 
both the advanced equipment and devices are inevitable. 
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The conceptualization of plasma processing equip- 
ment, namely Magnetically Enhanced RIE (MERIE), in- 
volves deep understanding of vacuum science, plasma 
physics, chemical kinetics, gas dynamics, electrical net- 
works, material science, etc. Contrary to the common be- 
liefs, the concept of ultraclean (UC) technology [3] is also 
important in RIE and needs to be fully considered during 
the initial developmental stage. As the devices become 
highly sophisticated, uniformity, contamination and ra- 
diation damage issues have become extremely important. 
Under the UC concept, the process must be free of dam- 
age and contamination, and the highly repeatable process 
is achieved when the process variations are completely 
eliminated. Ohmi has demonstrated the importance of UC 
concepts in the sputter depositions of epitaxial aluminum, 
copper, and silicon films at the temperatures substantially 
lower than that of conventional methods [4]-[6]. 
In this paper, the fundamentals of MERIE are briefly 
reviewed, followed by examples of hardware-related pro- 
cess limitations of the commercially available MERIE [7], 
[8], e.g. the effects of pumping speed, temperature, pro- 
cess gas compositions and magnetic field, are discussed. 
Then, the newly designed ultraclean (UC) MERIE is pro- 
posed by utilizing the concept of dual RF excitation 
plasma processing equipment [9], [lo]. In the dual RF 
excitation processing, the independent control of ion 
bombardment energy and ion flux can be achieved through 
applications of two separate RF electric fields to each 
electrode. Finally, the importance of the excitation fre- 
quency and dc-biasing of the shield electrode and sub- 
strate are discussed. 
11. MAGNETICALLY ENHANCED REACTIVE ION ETCHING 
(MERIE) 
In low pressure plasmas, since the mobility of electrons 
is strongly impeded by the presence of a magnetic field 
perpendicular to the electric field, the ionization effi- 
ciency of the magnetically enhanced plasma becomes sig- 
nificantly higher than the conventional RIE plasma [ 111. 
Rate Controlling Kinetics 
Conventionally the plasma equipments including 
plasma etching systems have been developed with mini- 
mum consideration of the hardware related process limi- 
tations. In order to meet the rapidly advancing process 
requirements, the fundamentals of the etching process 
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which can be significantly influenced by the hardware 
configurations of the current plasma processing equip- 
ment need to be clarified. In this section, the etch kinetics 
is briefly reviewed. The basic kinetics model used by 
Coburn and Winters [12]-[15] in the conventional RIE 
can be directly applied to the MERIE processing. 
The simplified kinetics model consists of five steps: 
1) diffusion of reactants from the bulk flow to the sub- 
strate surface; 2) absorption of reactants on the surface; 
3) surface reaction; 4) desorption of products into the fol- 
lowing gas. The corresponding rate equations are as fol- 
lows: 
1) Diffusion of reactants 
ri = k d p ;  - pis) (1) 
where 
kmi - mass transfer coefficient 
pi 
pis 
- partial pressure of bulk flow 
- partial pressure adjacent to the substrate sur- 
face. 
2) Absorption of reactants 
r, = kOi . pis . CO - kdi . p ,  (2)  
where 
kai and kdi 
CO 
P S  
- rate constants for absorption and de- 
- concentration of vacant active site - partial pressure on surface. 
sorption 
3) Surface reaction 
ri = ri(Ps). (3) 
(4) 
4) Desorption of products 
ri = Kdi . ps - Kai . pis . Co. 
rr = K m i ( P i s  - Pi). 
5) Diffusion of products 
(5)  
Although detail analysis of the etching mechanism in 
the magnetron plasmas is well beyond the scope of this 
study, the implications of above rate equations are ex- 
tremely important in establishing the experimental matrix 
for the process optimization. For instance, the vapor pres- 
sure of the products on the surface must be significantly 
higher than the bulk partial pressure to facilitate the suf- 
ficient transfer of products. Any one of these sequential 
rate equations may become the “rate controlling” step, 
where the rate constants for that step is smaller than those 
for the other steps. 
In RIE or ion assisted etching, high anisotropy is 
achieved by utilizing the bombarding energy of the posi- 
tively charged ions to selectively activate the unprotected 
surface [161, 1171. The lateral etching caused by the pres- 
ence of active species strongly hinders the high aspect ra- 
tio etching of submicron patterns. 
111. AVAILABLE MERIE SYSTEMS 
Two magnetron plasma systems were employed in this 
study. a) The schematic diagram of the first system, the 
commercially available Applied Material PE-5000 is 
shown in Fig. 1. The system uses the four electromag- 
netic coils to rotate the magnetic field at 0.5 Hz. A vari- 
able magnetic field of 160 gauss at maximum was at- 
tained. The water cooled capacitively coupled cathode is 
powered by a 750 W, 13.56 MHz RF generator. The wafer 
was clamped to the cathode and helium was introduced to 
improve the thermal conductivity between the wafer and 
the cathode. The cylindrical aluminum chamber wall of 
approximately 13-inch in diameter served as an anode. 
The standard etching conditions used in thermal-oxide 
etching are: 30 mTorr, 600 W, 160 gauss, 6 Torr helium 
pressure. 
A. Pumping Speed 
Fig. 2 shows the effect of CO, addition to the oxygen 
chemistry used in the multilayer resist (MLR) lithography 
technique. By mixing CO2 and 0,, the partial pressure of 
the etching gas (0,) was reduced and simultaneously the 
partial pressure of the etched product (CO,) was in- 
creased. Hence, the driving force ( p ,  - pISl for the dif- 
fusion of reactants to and of product from the etched sur- 
face with negligible external diffusion was lowered. When 
CO, concentration was gradually increased the lateral 
etching diminished and highly vertical profile was ob- 
tained at 1 : 1 mixture of O2 and CO2. In Fig. 3, the pho- 
toresist etching rate dependency on CO, concentration in 
0, plasma is shown. The etching rate gradually decreases 
with an increase in CO2 concentration. 
In order to achieve the uniform and highly repeatable 
etching results, the process conditions including chemical 
compositions and ion flux and energy over a large diam- 
eter wafer must be uniform. For example, the product gas 
accumulation in the bulk gas can significantly influence 
the process results in batch type systems. Even in single 
wafer etching systems, the effects become visible when 
the reactant gas flow is unidirectional over a large diam- 
eter wafer. Etching of an 8-inch Si wafer using a halo- 
genated gas at a rate of 1 pm/min produces 2.61 x 
g-mole/min of silicon byproducts in the gas phase. At the 
standard pressure (1 atm) and temperature (O”C), it is 
equivalent to 58.5 sccm of the product gas mixed with the 
reactant gas in the system. Consequently, the bulk com- 
positions near the outlet becomes drastically different from 
the inlet compositions. Since a single wafer system must 
be able to etch at a rate perhaps 10 times faster than the 
conventional batch systems, considering added time re- 
quired for pump down and vent cycles and economical 
reasons, both the volumetric rate of process gases sup- 
plied and the pumping capacity of the system must be 
comparable in size with the batch systems to minimize the 
variations in the process gas compositions over the sub- 
strate. Also, the flow pattern on the wafer surface should 
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Fig I .  Schematic diagram of PE-5000 magnetically enhanced Reactive 
Ion Etcher (MERIE). 
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Fig. 2 .  Effect of CO, addition on profile control in MLR etching using 02. 
Gas mixtures of a) 100% 02, b) 75% 0, and c) 50% O2 were used. Pressure 
was 5 mTorr. RF power was 300 W. B-field was 40 G. Data obtained in 
PE-5000. 
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Fig. 3. Photoresist etching rate dependency on CO2 concentration in 
based ulasma. Data obtained in PE-5000. 
be carefully considered to minimize the effect of the etch 
product accumulation. Typically, the single wafer RIEs 
are equipped with turbo-molecular pumps (TMP) of < 
300 1 /sec so that the maximum pumping capacity in the 
low pressure Torr) regime will be substantially lim- 
ited. For instance during the SiOz etching using CHF, 
based gases, the total flow rate was limited to < 70 sccm 
for the operating pressure of 30 mTorr. Our recommen- 
dation to alleviate the flow rate limitation is to utilize the 
tandem type magnetically coupled TMP [18]. The oil free 
TMP effectively eliminates the possibility of organic ma- 
terial contamination from lubricating oil and also en- 
hances the flexibility in configuring the vacuum system. 
B. Substrate Temperature 
The wafer surface temperature determined by the en- 
ergy balance equation significantly modifies the reaction 
rate constants. Due to the low heat capacitance of low 
pressure process gases, the heat transfer effects of the bulk 
gas flow becomes insignificant. The internal heat con- 
sumption or production due to etching reaction are also 
negligibly small in comparison with the RF power dissi- 
pated at the wafer surface [19]. Thus, the energy balance 
equation can be expressed simply as the radiation energy 
due to bombarding ions and electrons (Qin) minus con- 
duction loss through the wafer into the cathode (Do * 
BT/BZ) equals the heat accumulation on the wafer surface 
(C, . ~ 5 ~ / 8 , ) ,  where Do is the overall thermal conductiv- 
ity. 
Fig. 4 shows the effect of the backside helium pressure 
on Si and Si02 etch rates. The Si02 etch rate remained 
relatively constant while the Si rate gradually decreased 
resulting in a gradual increase in Si02 to Si selectivity. 
Yin [20] et a l .  reported over 50% increase in the Si02 
to Si selectivity by reducing the electrode temperature 
30°C. Tachi [21] obtained an excellent side-wall control 
at the substrate temperature range of -110°C when Si 
was etched with SF, gas. Thus, the low temperature sub- 
strate is suitable for achieving anisotropic etching without 
a thick side-wall protection, i.e. undesirable for an ac- 
curate transfer of sub-half micron patterns. However, in 
production units the use of temperature range below 
-65"C, which is the minimum temperature range of 
multi-stage chillers, becomes impractical because of non- 
availability of rapid freezing and heating techniques. 
C. Polymer Formation in Magnetron Discharge 
In etching of Si02 in fluorocarbon plasmas, polymer 
formation further complicates the process [20], [22], [23]. 
In this process there are two competing reactions: etching 
and polymerization. The protective polymer formed on Si 
surface effectively protects the surface from being etched, 
so that highly selective Si02 etching is achieved. Since 
the bonding energy (8.28 eV) of Si-0 is greater than 
Si-Si (3.39 eV) [24], conventionally the high selectivity 
process is generally obtained under the high energy sput- 
ter etching mode resulting the formation of an unfavor- 
able damaged and carbon contaminated substrate layer 
during the over etched steps [25]-[28]. 
Figs. 5 and 6 shows the effects of CH,F, addition to 
CHF3 and C2Fs plasmas. The etch rates and selectivity 
for CH,F, and CHF, mixture showed that the increase in 
the fluorine-to-carbon (F : C) ratio enhances the polymer 
formation and the wafer surface became completely cov- 
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- CHFs I 02 = 10011 lccm Nevertheless, the highly selective process can be ob- 
tained near the critical concentration, where the process 
margin is extremely narrow and undesirable. Hence, the 
wafer surface temperature and the gas compositions are 
accurately and uniformly controlled over the entire wafer 
D. Magnetic Field Effects 
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Fig. 4. Effects of the backside helium pressure on Si and Si02 etching 
rates. Resist masked SiO, was etched in CHF,/O, (100/1 sccm) dis- 
charge. Pressure was 100 mTorr. RF power was 600 W. B-field was 160 
G. Data obtained in PE-5000. 
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Fig. 5. Effects of CH,F2 addition in CHF, plasma on Si and SiO, etching 
rates. Etched conditions were: RF power = 600 W; pressure = 30 mTorr; 
B-field = I 6 4  G; He pressure = 6 Torr. Total process gas flow rate was 
62 sccm. Data obtained in PE-5000. 
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Fig. 6 .  Effects of CH,F2 addition in C2F6 plasma on Si and SiO, etching 
rates. Etched conditions were: RF power = 600 W; Pressure = 30 mTorr; 
B-field = 160 G ;  He pressure = 6 Torr. total process gas flow rate was 62 
sccm. Data obtained in PE-5000. 
caused by high energy positive ions can be significantly 
reduced in the magnetron plasmas [30], [31]. In CHF3/02 
plasma, the self-bias dependence on the magnetic field 
intensity showed that the presence of the moderate B-field 
(1 I O  G) reduced the substrate self-bias to almost one-fifth 
of the value measured without B-field. The self-bias 
reached less than -50 V when the B-field was increased 
to the maximum (160 G ) .  
In another experiment, the silicon wafers subject to low 
energy Ar ion (10-60 eV) bombardment were evaluated 
for the oxidation induced stacking fault (OSF), subse- 
quent to a steam exudation at 1050°C for two hours and 
Wright etching. The results showed weak trends in etch 
pit counts but no OSF was observed confirming the report 
by Watanabe 1301. 
The effect of varying the magnetic field intensity on Si 
and Si02 etch rates are shown in Fig. 7. The Si and SiO, 
rates increased with the increase in B-field reducing the 
SiOz to Si selectivity. One of the reasons far the gradual 
increase in Si etch rate is believed to be caused by the 
increase in the wafer surface temperature. 
Fig. 8 shows the effect of magnetic field on the sub- 
strate temperature. The increased ionization and ion flux 
raised the wafer surface temperature, which was moni- 
tored by pasting the thermally sensitive tape on Si wafers. 
However, it should be noted that when the mean free path 
of electrons are long and wafer heating due to secondary 
electrons are significant, the magnetic field is very effec- 
tive in reducing the wafer temperature as observed in the 
RF sputtering reported by Paradis [32]. 
Although the use of magnetron plasmas goes back a 
few decades, the concept of the rotational magnetic field 
used in PE-5000 is relatively new [33]. The advantage of 
the rotating magnetic field is that it eliminates the problem 
of the plasma shifting exist in the dc magnetron plasma. 
However, in a microscopic view, the system requires an 
additional improvement under the concept of the energy 
clean technology. This is associated with the instanta- 
neous variation of the plasma density over the edge of 
large diameter wafers caused by the E x B drift of elec- 
trons. Savas and Donohoe [34] explain that the denser 
plasma in the east causes the sheath thickness to be less 
than the west. This causes increased capacitance per unit 
area for the sheath in the east which results in a lower 
impedance coupling between the electrode and the plasma. 
In other words, the plasma density becomes thinner in the 
west, which increases the RF impedance across the sheath. 
ered with the polymer at CHzF, concentration of 20%. 
The critical CH2F2 concentration for etch/deposition was 
much higher for the CH*F, and C2F, mixture. Although 
the F : C ratios were identical, the additional hydrogen 
dissociates from CHF, reduced the effective F radical 
concentration in the plasma by forming HF [23], [29]. 
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Fig. 7. Si and SiO, etching rates dependence on Magnetic field strength. 
Thermal oxide was etched in CHF,/O, (100/1 sccm) plasma. Pressure 
was 100 mTorr, RF power was 600 W. He pressure was 6 Torr. Data ob- 
tained in PE-5000. 
I I 
o 0.5 1 1.5 2 
Etched Depth ( W )  
Fig. 8 .  Wafer surface temperature dependence on magnetic field strength. 
Temperature were normalized in terms of etched depth and corresponding 
etching rates are shown in the figure. Data obtained in PE-5000, 
For uniform RF field applied over the substrate, the RF 
amplitude becomes higher in the west, which causes the 
local self-bias to increase. Since the radiation damage de- 
pends on the maximum potential difference across the 
sheath, the transient variation in the dc potential of the 
substrate should be eliminated unless the changes are fast 
enough so that ions are only accelerated by the averaged 
value. 
1) The schematic diagram of the second system is 
shown in Fig. 9. The system is a dual RF excitation sys- 
tem, having two separate variable frequency RF power 
units, capable of accurate control of the plasma density 
and the ion bombardment energy in the low energy regime 
(<50  eV). The static magnets were placed in the upper 
electrode for magnetic enhancement. The magnetic field 
intensity at the wafer surface is 50 gauss, where the etch- 
ing rates were measured. The detail description of the ad- 
vantages of the dual excitation plasma equipment (DEPE) 
have been reported elsewhere [ 101. 
IV. DESIGN OF THE UC MAGNETICALLY ENHANCED 
RIE 
The schematic diagram of the proposed system is shown 
in Fig. 10. In this system, additional pole-piece static 
I t E 2 k  
Fig. 9. Schematic diagram of dual excitation system used in this study 
Turbo-Molecular Pump 
Plasma Generating RF 
Substrate Biasing FiF e f SubstrateDCBias 
Fig. IO. Schematic diagram of UC magnetically enhanced reactive ion 
etcher. 
magnets are placed surrounding the wafer. The cross sec- 
tion view of the electrode is shown in Fig. 11. When the 
E x B drift of electrons form a closed loop in the plasma, 
the high density plasma is formed without increasing the 
plasma potential [9]. Having the supplementary devel- 
oped dense plasma in the outer perimeter of the wafer, the 
entire wafer surface will be constantly covered with a 
highly dense plasma. Also, in a dual excitation system, 
there will be a secondary E X B closed loop to further 
enhance the plasma uniformity. The uniformly distributed 
plasma should provide an uniform electrical conduction 
through the sheath and an uniform self-bias distribution 
over highly sensitive dielectric layers such as gate oxide 
to reduce electrical damage problem. 
The framework of the hardware configuration is based 
on PE-5000 and DEPE. The proposed system is charac- 
terized by the five major modifications over PE-5000. 
1) The protruded top electrode provides a large con- 
ductance through the top of the chamber for the maximum 
pumping speed permitting the vertical bottom to top flow 
pattern. The inverted flow pattern is selected to minimize 
the product gas accumulation effects and to improve the 
maintainability of the system. With a combination of 1000 
liter/sec TMP and a dry pump, an operating pressure of 
7 X Torr with 250 sccm flow should be achieved. 
2) The static magnets imbedded in the substrate elec- 
trode provides the supplementary source of the high den- 
sity plasma minimizing the effects of the plasma sweep- 
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Fig. 1 I .  Cross-sectional view of proposed system. E, & E, represent cor- 
responding electrical fields present at top and bottom sheaths. B,  and B, 
are magnetic fields of electromagnets and static magnets respectively. 
Fig. 12. One to one comparisons of PE-5000, dual excitation system and 
proposed UC etcher. 
ing. The electromagnets will be similar to ones used in 
PE-5000. However, in order to accommodate large di- 
ameter wafers, perhaps 10 inches in the near future, the 
inside diameter of each coil should be large enough for 
wafer handling. 
3) The secondary high RF is applied to the top elec- 
trode for the plasma density control [lo]. 
4)The cylindrical shield electrode attached to the cham- 
ber wall, completely RF-grounded by placing the ex- 
tremely thin ceramics insulation between the shield and 
the chamber wall, provides the means for contamination 
control and the plasma potential reduction. Also, the RF- 
grounded shield biased by the DC power unit provides the 
self-cleaning capability [9]. 
5) The substrate DC-biasing is added for the ion current 
control and the etching rate control of the conductive sub- 
strate. 
The process and the electrical considerations are fully 
implemented in the concept design of the proposed sys- 
tem. One to one comparisons of the proposed system with 
other two systems used in this study are shown in Fig. 12. 
The additional discussion on the shield electrode and the 
effects of substrate dc-biasing will be given in the next 
section. 
V.  ULTRACLEAN MAGNETICALLY ENHANCED RIE 
A .  Effects of Excitation Frequency 
The sheath or voltage drop across the plasma and sub- 
strate serves two functions. When the reactive species are 
charged, they are efficiently transported across the dark 
space in addition to the diffusion driven mass transport. 
The kinetic energy of the charged particles are also trans- 
ferred to the substrate surface raising the surface temper- 
ature. However, if the bombarding energy of ions exceeds 
the threshold sputter energy of the substrate, it can cause 
deterious effects on the etch results. In MLR etching pro- 
cess, for example, the high energy ions sputter the sub- 
strate aluminum creating nonvolatile oxidized aluminum 
complex on the side-walls of the bottom layer resist. Since 
the oxidized aluminum can not be removed in the follow- 
ing oxide mask removal step, an additional wet process is 
required. In another example, so called "rabbit ear" is 
caused by sputter deposition of silicon-based layer on 
sides of the resist mask which can not be removed by the 
subsequent 0, ashing. In both cases, the deposited ma- 
terial results in the shifting of the patterned width. In all 
the above examples, the excessively high energy ions 
bombarding the substrate is the root cause of the prob- 
lems, emphasizing the extreme importance of the accurate 
control of the ion striking energy in the low energy re- 
gime. 
In Fig. 13, the effects of varying the excitation fre- 
quency on the self-bias voltage is shown for the Ar dis- 
charge. The result showed that the self-bias voltage, 
which became approximately one-half of the peak-to-peak 
RF voltage, is a logarithmic function of the excitation fre- 
quency for the constant power system. Hence, in the ca- 
pacitively coupled dual excitation RIE, the application of 
the high frequency field (> 100 MHz) delivered to the 
plasma generating electrode is suitable to minimize sput- 
tering of the electrode material. 
The logarithmic relationship can be derived based on 
the following assumptions: 
1) simple capacitance approximation at sheath. 
2) Maxwell-Boltzmann distribution. 
3) constant sheath thickness at the cathode surface, i.e. 
the strong magnetic field (500 G) is sufficiently 
strong so that the sheath thickness becomes inde- 
pendent of the voltage drop across the electrode and 
the plasma. 
4) density and temperature are invariant for the con- 
stant power discharge. 
The RF current (I) across the cathode sheath of capac- 
itance (Cs) depends on the excitation frequency (U) and 
the applied voltage (V): 
I = j . w . C s .  V. (6) 
Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 10,2010 at 01:47:33 EST from IEEE Xplore.  Restrictions apply. 




R F  Power - 100 W RF Power. 100 W 
Ar Pres8ure . 7 mT 
16 
-2001 ' ' " " ' U  ' ' " " " '  ' ' " " I  
I 10 100 1000 
Excitation Frequency (MHd 
Fig. 13. Self-bias voltage dependence on excitation frequency in Ar dis- 
charge. Pressure was 7 mTorr. RF power was maintained at I 0 0  W. Data 
obtained in dual excitation system. 
The application of Maxwell-Boltzmann distribution gives, 
n(u)  = n(O) . e-(e'/~'c), (7) 
In RF discharges, the electron conduction current is dom- 
inant over the displacement current and expressed as 
Ioc e ' n * p .  V. (8) 
For the constant pressure and magnetic field, the mobility 
remains the same and substituting (7) gives, 
(9) 
Equating (6) and (9) and assumptions 3) and 4) give the 
following, 
1 0 :  v . n(0) . e - ( e ' / m  
e-" ot w. (10) 
Let us consider the effect of the excitation frequency on 
the plasma impedance. The generalized equation for the 
RF current across the plasma is derived by Everhart and 
Brown [35]: 
J ( E )  = { ( n e  e ' / m , ) / [ u  . (1  + j w / u ) l  + j . w * so}. 
( 1  1)  
Note that the equation contains only the density and fre- 
quency as variables. Equating the terms inside the paren- 
theses gives the critical frequency at which the conduction 
current becomes equal to the displacement current. 
w = {ne . e'/me . 
or 
w = 898. MHz. (12) 
Of course this is the "cutoff frequency" of electrons in 
our plasma. The review on the excitation frequency in- 
dicates that the conduction current is indeed dominant over 
the displacement current for radio frequency discharges. 
The ion saturation current was measured in DEPE for 
the top electrode excited with RF of 10 - 212 MHz. The 
maximum saturation current was obtained at 40 MHz (Fig. 
14). Since the ion DC current increases proportionally 
O 50 100 150 200 250 
Excitation Frequency (MHz) 
Fig. 14. Substrate ion saturation current for constant plasma generating 
RF power of 100 W in CF, plasma. Excitation frequency was varied from 
IO - 212 MHz. Pressure was 7 mTorr. Data obtained in dual excitation 
system. 
with the density of ions adjacent to the substrate, the max- 
imum ion density is obtained when the plasma is gener- 
ated with 40 MHz electric field. The plasma density de- 
pendence is believed to be caused by the presence of the 
residual inductance in the substrate RF path. The residual 
inductance becomes significant part of the network for the 
higher frequency and the plasma is no longer confined be- 
tween the electrodes developing significantly less inten- 
sive plasma between the cathode and the chamber walls. 
Knowing the residual inductance, the degree of RF 
coupling between the top electrode and the chamber wall 
can be estimated. Since the concept of DEPE is employed 
for the independent control of the plasma density and the 
ion bombardment energy, the application of DEPE in RIE 
requires that the plasma generating RF must be as high as 
possible to minimize the sputtering of the electrode ma- 
terial. In order to avoid the problem of standing wave, the 
maximum excitation frequency of 200 MHz is suggested. 
Then, the allowable residual inductance for that fre- 
quency becomes <0.042 pH assuming the other param- 
eters are held constant. Thus, the residual inductance of 
the substrate electrode must be reduced to a minimum so 
that the plasma generating RF can be effectively grounded 
at the substrate maximizing the intensity of plasma be- 
tween the electrodes. 
B. DC Biasing Effects of Supplementary Shield and 
Substrate 
In the past, the dielectric materials such as quartz and 
anodized alumina have been applied as the covering ma- 
terials of the chamber walls. However, since the ion bom- 
bardment energy in the low energy regime can be signif- 
icantly affected by the plasma potential, the spatial 
distribution of the plasma should be rigorously controlled. 
Fig. 15 illustrates the simplified electrical diagram of 
the equipment proposed in this paper. The effects of the 
dc-biased shield, the supplementary electrode, have been 
reported [9]. We found that the plasma potential as well 
as the chamber material contamination are significantly 
influenced by the shield dc potential. As shown in the fig- 
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Fig. 15. Simplified electrical diagram of the dual excitation plasma equip- 
ment proposed in this study. DC biased shield effectively controls the 
plasma potential and minimizes sputtering of shield material. DC biased 
substrate improves SiO, to Si selectivity during the overetch step in etching 
dielectric films. 
ure, which is derived assuming the system to be a lumped 
element circuit for the frequency range we employed, 
varying the dc potential of the shield electrode effectively 
reduces the capacitance across the sheath developed be- 
tween the shield and plasma. Hence, the plasma domi- 
nantly becomes resistively coupled with the shield allow- 
ing the direct control of the plasma potential. 
In this study, the effect of dc-biasing the substrate was 
investigated in the dual RF excitation reactive ion etching 
of Si02. Si and Si02 wafers were etched in CF, plasma 
generated by 100 MHz (100 W) RF and the substrate was 
biased by 35 MHz. Fig. 16 shows the effect of dc-biasing 
the substrate. Since the SiO, surface potential was deter- 
mined by the RF-biasing, the Si02 etch rate is not affected 
by the dc potential of the substrate. The Si etch rate, on 
the other hand, is substantially reduced at higher dc po- 
tentials. 
The results indicate that Si02 to Si selectivity can be 
significantly improved by positively dc-biasing the con- 
ductive substrate. Since the unfavorable ion current to the 
Si substrate is reduced, the positively biased substrate is 
perhaps effective in reducing the wafer temperature. Note, 
however that at substrate bias of +30 V, which is ap- 
l o  
-30 -20 -10 0 10 20 30 
Substrate Potential (Volt) 
Fig. 16. Effects of substrate DC-biasing on Si etching rate and Si02 to Si 
selectivity. Plasma was developed with 100 MHz RF (Io0 W) applied from 
the top electrode. Substrate was RF-biased with 35 MHz RF (5.8 W). Pres- 




Silicon I l k  
Fig. 17. Simplified drawing to illustrate the concept of dual excitation with 
substrate dc biasing. 
proximately 10 V above the plasma potential, the resist 
mask started to reticulate indicating the rise in wafer tem- 
perature due to the excessive electron current. The con- 
cept of dual excitation RIE with dc biased substrate is 
illustrated in Fig. 17. 
V.  CONCLUSIONS 
The fundamental kinetics and conservation equations 
were revisited to enhance our understandings on the mag- 
netically enhanced etching, confirming the applicability 
of the traditional kinetics model. The hardware related 
process limitations of the commercially available MERIE 
were presented and countermeasures were proposed to al- 
leviate such problems under the concept of UC technol- 
ogy. The five major modifications were suggested in the 
proposed UC MERIE over the currently available 
MERIE. 
The self-bias voltage of the cathode became a logarith- 
mic function of the excitation frequency and the relation- 
ship was verified assuming a Maxwell-Boltzmann distri- 
bution. 
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DC-biasing Of the substrate in the dual RF excitation 
the positive ion current to the substrate. Hence, the im- 
charges of CF,-H,, CF,-C2F,, C,F,-H,, C,F,-H,,” J. Appl. Phys., 
vol. 54, no. 3, pp. 1284-1288, Mar. 1983. 
1976. D. F-224. 
was found to be an effective Inethod Of [24] R. C.  Weast, Handbook of Chemistry and Physics. Cleveland: CRC, 
pro;ed selectivity to the conductive substrate became pos- 
sible without relying exclusively on the polymer forma- 
tion mechanism. 
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